We study an SU (2) supersymmetric gauge model in a framework of gauge-Higgs unification. Multi-Higgs spectrum appears in the model at low energy. We develop a useful perturbative approximation scheme for evaluating effective potential to study the multiHiggs mass spectrum. We find that both tree-massless and massive Higgs scalars obtain mass corrections of similar size from finite parts of the loop effects. The corrections modify multi-Higgs mass spectrum, and hence, the loop effects are significant in view of future verifications of the gauge-Higgs unification scenario in high-energy experiments. *
Introduction
for determining the vacuum structure of the multi-Higgs potential. If the corrections are taken into account, then vacua deviated from the flat directions of the tree-level potential may appear. Clearly, such a vacuum structure cannot be studied when one focus only on the loop corrections to the flat directions. Thus, to reveal the correct vacuum structure of multi-Higgs models, the loop corrections to the non-flat directions should be incorporated.
In this paper, we study the multi-Higgs mass spectrum based on one-loop effective potential in a simple 5D model. We take bulk loop corrections into account for all the modes of the Higgs scalars: we study not only the loop corrections for the Higgs scalars along the flat direction of the tree-level potential, but also the ones for the Higgs scalars along the non-flat direction. As mentioned above, in the past studies, the latter has not been focused on though it is important. In our analyses, it is found that the one-loop corrections involve an UV divergence, which is proportional to the tree-level potential and is renormalized. The one-loop corrected multi-Higgs mass spectrum is derived through the effective potential after eliminating the divergence. It turns out that both the tree-massless and massive Higgs scalars have mass corrections of similar size from finite parts of the one-loop effects. Consequently, the loop effects modify multi-Higgs mass spectrum and are significant in view of verifications of the scenario in high-energy experiments.
The outline of the paper is as follows. In Section 2, an overview of multi-Higgs mass spectrum in the gauge-Higgs unification scenario is presented. In Section 3, we examine the one-loop corrected multi-Higgs mass spectrum in a simple 5D model. A perturbative calculation of the effective potential is developed to estimate the loop corrections. Summary and future perspective are given in Section 4. In Appendix A, field dependent operators that are needed to evaluate the effective potential in the model are presented, and Appendix B provides the evaluation of loop momentum integrals with the summation of Kaluza-Klein (K-K) modes.
An overview of multi-Higgs mass spectrum
In this section, an overview of the multi-Higgs mass spectrum is given. An interesting observation is that multi-Higgs scalars are predicted in some models of the gauge-Higgs unification.
Models with two extra dimensions compactified on the orbifold T 2 /Z 2 are illustrative examples; at a low-energy regime, the two extra dimensional components of a 6D gauge field behave as a pair of scalar fields, those are identified as two Higgs scalars [9] . It is also known that there appear multi-Higgs scalars in the 5D models with supersymmetry (SUSY) [10, 14] . Due to the SUSY, a real scalar field is accompanied by a extra dimensional component of 5D gauge field (and a Weyl fermion) to form 4D N = 1 chiral superfield [15] ; two Higgs scalars hence appear at low energy.
In the above models, the low-energy effective theory has a tree-level Higgs potential, where flat directions appear. Among the Higgs scalars, a mode, which corresponds to a flat direction and is a part of the zero modes of the extra dimensional component of the gauge field, triggers off the electroweak symmetry breaking. Quantum corrections to the flat direction determine the physical vacuum of the theory in terms of the non-zero vacuum expectation value (VEV) of the Wilson line phase degrees of freedom. Such the dynamical gauge symmetry breaking is known as the Hosotani mechanism [3] .
We refer to the Higgs scalar that is the relevant mode to the symmetry breaking as the Symmetry-Breaking (SB) Higgs hereafter. The SB Higgs is identified as a zero-mode of extra dimensional components of gauge fields. In addition, gauge fields, non-SB Higgs scalars and K-K modes generally appear. The one-loop effective potential that takes account of only the SB Higgs background has been studied; the correct dynamical electroweak symmetry breaking has been shown to occur through the VEV of the SB Higgs [9, 10] .
After the symmetry breaking, there appear the massive gauge fields, whose mass scale M W should be much smaller than the typical mass scale of the K-K modes, O(1/R), where R is the radius of a compactified dimension. In the 5D case, for instance, the mass of the gauge boson is typically given by α/R, where α is the VEV of the Wilson line phase degree of freedom. The phase is related with the SB Higgs as α = 2πgR a (mod 2π), where g is the 5D gauge coupling and a is a classical background of the extra dimensional component of the gauge fields, namely the SB Higgs. Some of the non-SB Higgs scalars also have interaction between the SB Higgs in the tree-level potential and have masses of O(α/R). Since the K-K modes should be sufficiently heavy, a realistic vacuum satisfies α ≪ 1 and such a vacuum is dynamically realized with an appropriate choice of the bulk matter fields as discussed in the literature [10] .
The SB Higgs has no mass term in the tree-level potential; the mass arises from the oneloop effective potential. The SB Higgs tends to be lighter than the massive gauge fields due to the loop suppression factor, which is inconsistent with the experimental bounds of Higgs searches [16] . A phenomenologically viable SB Higgs mass, however, can be realized through enhancement mechanism, as shown in [11, 12, 17] .
The loop corrections to the masses of the non-SB Higgs have not been frequently discussed in the gauge-Higgs unification. The large one-loop mass correction to the SB Higgs mass implies that there also appear O(M W ) or larger one-loop contributions to the non-SB Higgs masses. The corrections are not suppressed rather than the tree-level masses of the non-SB Higgs, and thus are expected to give important effects on the multi-Higgs mass spectrum. In order to see this explicitly, we examine the one-loop corrections and multi-Higgs mass spectrum in a simple model.
3 Multi-Higgs mass spectrum in a 5D SUSY model
Setup
In this section, we consider a 5D SUSY gauge theory, where the fifth dimension is assumed to be compactified on the orbifold S 1 /Z 2 and a multi-Higgs spectrum at low energy is predicted.
On the orbifold, a point of the fifth dimensional coordinate y is identified with other points by the translation, U[y + 2πR] ∼ y, and the reflection, P 0 [−y] ∼ y. Combining them, one can define another reflection operator P 1 ≡ U −1 P 0 , then πR − y and πR + y are identified by the reflection P 1 [πR − y] = πR + y. Since the points y = 0, πR are invariant under the reflections respectively, they are called orbifold fixed points.
The vector multiplet V in the 5D SUSY theory can be decomposed into a 4D chiral superfield Φ and a real vector superfield V as follows: 1) where M = (µ, y) and A a M , η a 1,2 and Σ a are the 5D gauge field, Majorana spinors and a real scalar, respectively [15] . The subscript a denotes the index of the adjoint representation of gauge group. The Lagrangian of the 5D SUSY theory is given as follows [18] : 2) where g is the five dimensional gauge coupling constant and the Gamma matrices are defined by (Γ µ , Γ y ) = (γ µ , iγ 5 ). The field strength and the covariant derivatives are defined by
where φ implies fields in the adjoint representation. Fermions λ i (i = 1, 2) are symplecticMajorana spinors; they are written by 4) where ǫ ij is antisymmetric with ǫ 12 = 1 and σ 2 is the Pauli matrix in the spinor space. It is known that the Lagrangian (3.2) has a global symmetry, called SU(2) R , and the symplecticMajorana spinors are transformed as doublets under the symmetry. One can introduce bulk hypermultiplets in the theory. The Lagrangian is written as follows [18] : 6) where
T is a Dirac spinor, t a φ is the representation matrix of φ, and τ m (m = 1, 2, 3) are SU(2) R generators.
The geometry S 1 /Z 2 requires us to choose the boundary conditions for the fields: each field can have non-trivial transformations under the translation U and the reflections P 0 and P 1 in such a way that the Lagrangian is invariant. Let ϕ(x, y) be a general field in a representation space of the symmetry of theory. Transformation law of the field is defined by
where T i = {U, P 0 , P 1 }. The operator U ϕ [T i ] acts on the field in its representation space. The transformations of the coordinate satisfy 8) where 1 denotes the identity operation. Corresponding to (3.8) , transformations of the field should be chosen to satisfy the following set of constraints in order to keep the consistency of the translation and parity operations:
The transformation law is referred to as the boundary condition of each field [19] . Using the last equality of (3.9) , one can read the boundary condition of the parity P 1 from those of U and P 0 . The gauge symmetry of the theory can be broken through non-trivial boundary conditions. It is also known that the remaining N = 1 SUSY is explicitly broken with twisted boundary conditions for the SU(2) R doublets and we adopt this mechanism, the so-called Scherk-Schwarz SUSY breaking [20] .
In the following, we examine a simple toy model where the multi-Higgs scalars appear at low energy. The original gauge symmetry of the theory is assumed to be SU(2); the symmetry is explicitly broken to U(1) by the particular boundary conditions which satisfy (3.9) : for the 5D vector multiplet, we take 10) and for the hypermultiplets, we take 11) where
is the diagonal generator of the SU(2) gauge symmetry in the fundamental representation (in the representation of φ). Additional parities of each hypermultiplet are incorporated by η U and η P ; they must be 1 or −1 in order to satisfy the consistency conditions (3.9). As mentioned above, we introduce the Scherk-Schwarz SUSY breaking with a parameter β in a general form: if sin(2πβ) = 0, then the residual N = 1 SUSY is broken and there appears O(β/R) (mod 1/R) mass splitting between bosonic and fermionic states in the theory [21] . With the boundary conditions (3.10) and (3.11) , among the gauge bosons only A 3 µ has massless zero mode, and it corresponds to the 4D gauge boson of the residual U(1) gauge symmetry.
There appear four real scalar zero-modes, that is, Higgs scalars from the 5D vector multiplet (3.1) under the boundary conditions (3.10) . We regard them as classical backgrounds of the theory and take the substitution in the Lagrangian (3.2) and (3.6): 12) where a a and σ a are the classical backgrounds. Except for the backgrounds, any fields in the theory are referred to as fluctuations. Among the backgrounds, a 1 and a 2 have Wilson line phase degrees of freedom and evolve non-trivial VEVs through quantum corrections [14] . Using the residual U(1) gauge transformation, one can freely rotate the direction of the VEVs in the field space spanned by a 1 and a 2 . We take a 2 as the SB Higgs field in the analyses.
Then, a 1 is eaten by the longitudinal mode of the zero-mode of the U(1) gauge field after the symmetry breaking. The other physical Higgs modes, σ 1 and σ 2 , are the non-SB Higgs.
With the substitution (3.12) in the Lagrangian (3.2) , the square of the fifth dimensional covariant derivative of Σ yields the classical potential of the theory: 13) where f abc is the structure constant of the SU (2) gauge symmetry. If the SB-Higgs is expanded around a VEV as a 2 =ã 2 + a 2 , then the potential involves mass term for σ 1 , which corresponds to the Higgs scalar associated with the non-flat direction of the potential. As mentioned above, a 1 is eaten by the longitudinal mode of the residual U(1) gauge boson. The other backgrounds,ã 2 and σ 2 , are massless at the tree-level.
The backgrounds in (3.12) mix with each other through the residual U(1) gauge transformation. It is useful to turn to a new basis where Higgs fields are eigenstates of the U(1) gauge symmetry; with the following reparametrization, the classical backgrounds form a pair of complex scalars: 14) where they have opposite charge of the U(1) gauge symmetry. We refer to n u,d as up-and down-type Higgs scalars. In this basis, the tree-level potential (3.13) takes a clearer form as
The form of the tree-level potential is constrained by the symmetries of the theory: it corresponds to the D-term potential of the residual U(1) gauge symmetry in terms of N = 1 SUSY theory [15] . The flat directions lie along D = 0. If a linear term of D is incorporated in the theory, non-zero VEV of the D-term is realized and the SUSY is spontaneously broken [22] .
Perturbative evaluation of the effective potential
In this subsection, we estimate the one-loop effective potential including all the modes of the Higgs scalars. The calculation is carried out with a straightforward way; at first we adopt K-K mode decomposition of all the fluctuations, and the fifth-dimensional coordinate is integrated out in the action. Then, we obtain the effective 4D theory and can estimate the functional integral with infinite towers of the K-K modes. As a result, contributions to the effective potential generally written by 17) where the determinants are taken over the 4D momentum space and representation space of the SU (2) 
for instance, a part of the contribution typically evaluated as follows [10, 11, 14, 17, 23, 24] : (3.18) where p E is the Wick-rotated momentum and the background independent term is discarded in the right-hand side. The Wilson line phase degree of freedom α ≡ 2πgRa 2 (mod 2π) appears in the cosine function. For a small value of α ≪ 1, K-K modes are sufficiently heavier than the weak scale, and one can approximately evaluate the summation as 19) where ζ(s) is the Riemann zeta-function. The approximate expansion have a logarithmic singularity with α → 0; it implies the infra-red (IR) divergence of the zero-mode propagator in internal loops. A finite VEV of α gives non-zero masses of the zero-modes and thus the singularity disappears. When one includes the general background fields (3.12) , it is difficult to obtain all the eigenvalues and/or to carry out the summation as above. Here, we evaluate approximate forms of contributions to the effective potential as in (3.19) . Functional determinants in (3.17) have a perturbative expansion of the gauge coupling and the background fields: (3.20) where
In the following analyses, we focus on the potential up to
and the higher-order corrections are neglected. This is valid if the typical energy scale of the classical backgrounds are much smaller than the compactification scale, namely 2πRgn u,d ≪ 1, which is consistent with phenomenological constraints as argued. In this case, it is sufficient to estimate the first few terms of the Taylor-expansion (3.20) as long as there is no IR singularity of the propagators in the internal loops. The IR singularities, ∆ 0 = 0, generally exist only in the contributions from zero-mode loops, and thus one needs to carry out the summation in (3.20) . With this in mind, we perform a perturbative expansion of the functional determinant up to O((gn u,d ) 4 ) as follows: (3.21) where possible contributions from the IR divergences are implied. In the present case, terms with odd order of ∆ 1 have odd orbifold parity and vanish. To proceed the perturbative calculation, one should reveal explicit forms of the operators in the functional determinant of each K-K mode.
One-loop correction from the vector multiplet
We start to evaluate the one-loop correction from the 5D vector multiplet. As argued, we derive the effective 4D Lagrangian and then the functional integral is performed with the perturbative expansion (3.21) . Let us introduce a gauge fixing function: 22) where ξ is a gauge parameter. The gauge fixing is regarded as an extension of the well-known 4D R ξ gauge; gauge fixing terms and ghost Lagrangian are thus introduced as
Now the quadratic parts of the Lagrangian with respect to the fluctuations are written by
In the above expression, the background dependent operators (D) are written by
where denotes the four dimensional D'Alambertian operator. In (3.24) , mixing between fluctuations A y and Σ appears as follows:
The above forms are simplified with ξ = 1 and we adopt this specific choice of gauge fixing in the analyses. § § A factor in (3.26) was misread in ref. [14] ; the results of the analysis do not depend on the factor when one focuses only on the particular backgrounds of flat directions.
With the boundary conditions (3.10), K-K decomposition of the fields in the vector multiplets is written as follows:
Using the K-K decomposition, one can easily carry out the y-integral in the action from y = 0 to y = 2πR. Then, the obtained 4D Lagrangian includes infinite towers of K-K modes in addition to the zero modes. One can readily derive the contribution to the effective potential from the quadratic terms of the 4D effective Lagrangian. The contribution depends on the SUSY breaking parameter β, and is written by 27) where mix with each other due to K-K masses arising from y-derivative in the kinetic terms; they are rearranged into mass eigenstates, which are formally written by n ≥ 1 and n ≤ −1 modes of the masses m (n) λ = (β + n)/R. Combining the zero-mode contributions, all the contributions from fermionic fluctuations are written by the summation over −∞ ≤ n ≤ ∞.
Let us now evaluate the contribution to the effective potential up to O((gn u,d ) 4 ) via the perturbative expansion. In (3.27), we rewrite the functional determinant by the approximate form of (3.21) and obtain the expression as 28) where the Higgs fields n u,d are expressed in terms of the combinations
and D in (3.16) . These combinations are invariant under the residual U(1) gauge transformation. Loop functions including the K-K mode summation are defined by 30) where evaluation of the functions is shown in Appendix B. The last term in (3.28) is zero except for N = 1 SUSY limit, that is δ β =0,0 = 0 and
Several points should be clarified in (3.28) . The first line contributes to vacuum energy and is independent of the Higgs fields. We neglect the irrelevant constants hereafter. The second and third lines include the loop functions F [x,m,β] . As shown in Appendix B, the loop integrals with K-K mode summation can be divided into two parts: one is an UV divergent integral which respects the 5D Lorentz invariance and the other is a finite correction which violates the invariance. An observation is that the UV divergence does not depend on the parameter β and thus respects SUSY. On the other hand, the finite corrections depend on the SUSY breaking effects. Hence, the divergent contributions from bosonic and fermionic fluctuations are canceled out in the functions F [x,m,β] , and only UV finite contributions remain. ¶ The fourth line also includes loop integrals. The UV divergent contributions of the terms proportional to D 2 are found. The UV divergence of the first term is 5D Lorentz invariant and can be realized as a bulk term. On the other hand, the second term explicitly violates the 5D Lorentz symmetry and is considered as the divergence localized at the fixed points of the orbifold [25] . Again these UV divergences respect SUSY. Such the divergent contributions are known to exist in S 1 /Z 2 exact SUSY theory and can be renormalized in a supersymmetric fashion [26] . We here focus on the SUSY breaking contributions; the divergence are simply subtracted and a regularized quantity is defined by ∆V vec ≡ δV vec (β) − δV vec (0). Thereby, the one-loop corrections are written by finite contributions which break both SUSY and 5D
Lorentz symmetry. The last three lines of (3.28) are the contributions from possible IR divergent massless propagators of the zero-modes. With a suitable regularization of the worse IR behavior, one can extract the IR singularities and finite contributions to O ((gn u,d ) 4 ) terms. Notice that the IR singularities are also involved inζ [2, 0, 0] . Non-vanishing VEVs of the Higgs fields provide the physical cutoff of the IR divergences and the singularities are canceled out in the final expression as seen below.
Using the explicit evaluation of the loop functions in the Appendix B, one leads to the one-loop contribution to the effective potential. We focus on the case with β = 0, then the contribution is written as follows:
, (3.31) ¶ For σ 1 = σ 2 = 0, the divergences disappear in each of the bosonic and fermionic contributions. The divergences are related to Σ 1,2 which are just scalar fields and are not protected if SUSY is not there. Renormalization procedure may bring higher order contributions [13] and is left for future studies.
where we discard the contribution to the vacuum energy as stated. The last logarithmic term includes the Higgs fields, so that a non-zero Higgs VEV correctly provides the physical cutoff of the IR divergence of the effective potential [27] .
The result precisely reproduces the evaluation in the flat limit where the classical backgrounds are set zero except for a mode corresponding to a flat direction of the tree-level potential (3.15) , namely the SB Higgs. One can choose α = 2πgRa 2 = 0 and a 1 = σ 1 = σ 2 = 0 for instance, then the one-loop potential takes (3.32) This is actually realized as the expansion around α ≪ β 1 up to O(α 4 ) of the well-known one-loop correction [23, 24] :
One-loop correction from bulk hypermultiplets
Let us discuss loop corrections from bulk hypermultiplets. Since the evaluation is carried out in a similar way as the vector multiplet, we briefly summarize the result here. For simplicity, we only introduce the fundamental representation in the analyses; generalization to the other representation is straightforward.
Since the hypermultiplets may involve chiral fermions in their zero-modes, a gauge anomaly of the residual U(1) gauge symmetry generally appears [28] . The zero-mode contents depend on the parities η U,P in the boundary conditions (3.11) . Non-zero contribution to the anomaly actually emerges from the loop effects of a massless chiral fermion in the η U = +1 hypermultiplet. To evade the awkward case naively, we introduce N + pairs of (η U , η P ) = (+1, +1) and (η U , η P ) = (+1, −1) multiplets in the following analyses. Then, the fermion zero-modes always form vector-like pairs and the anomaly is canceled out in the contributions from each pair.
* * For η U = −1, though there are no massless zero-modes, anomalies localized at both the fixed points with opposite sign are induced. They are canceled out after the y-integration, but cause inconsistency in the full 5D theory without the help of some cancellation mechanisms. We here simply introduce N − pairs of (η U , η P ) = (−1, +1) and (−1, −1) to cancel the anomalies, as the above treatment of η U = 1. * * A divergent tadpole of the residual U (1) D-term, which is known to localize at the orbifold fixed point [28, 29, 30] , is found in each loop contribution from the hypermultiplets. The tadpole contributions from (η U , η P ) = (+1, +1) and (η U , η P ) = (+1, −1) hypermultiplets have opposite sign and are canceled out as the anomaly.
With the parity assignments, one can derive K-K expansion from (3.11) and 4D effective theory is obtained by carrying out the y-integration of the 5D Lagrangian (3.6) , where the substitution (3.12) is understood. The quadratic terms of the fluctuations in the Lagrangian yields one-loop contributions to the effective potential from the bulk hypermultiplets: 
In the present case, eigenvalues of the operators are analytically obtained due to the simpleness of the SU (2) fundamental representation. Thus, one may try to directly evaluate the functional determinant rather than the perturbative calculation (3.21) . It is, however, difficult to carry out the K-K mode resummation.
As the case with vector multiplet, the flat limit is taken as
This corresponds to the expansion of the known forms of the following potential around α ≪ β 1 up to O(α 4 ) [23, 24] :
(3.37)
One-loop Higgs potential and mass spectrum
We examined the bulk loop contributions to the effective potential in the previous subsection. Then, the approximate forms of the potential (3.31) and (3.35) , which involve all the background of the scalar zero-modes, are explicitly obtained up to O((gn u,d ) 4 ). The potential should be regarded as low-energy effective Higgs potential. In this subsection, we proceed to study the vacuum and mass spectrum using the effective potential. In order to make the discussion clear, we introduce the 4D normalization as
where L = 2πR, g c is 4D dimensionless gauge coupling and h u,d are up-and down-type Higgs scalars in the canonical normalization. From (3.15) , (3.31) and (3.35) , the Higgs potential is derived as follows: 3.38) where
The numerical factors C + β and C − β are displayed in fig. 1 as the functions of β. The effective potential (3.38) is invariant under the replacement between h u and h d . Therefore, the field space which satisfies h u = h d always becomes stationary against the variation corresponding to the mode of the non-flat direction, h u = h d . We thus focus on minima along the flat direction in the present analyses; if there is no tachyonic mode around the minima, the stability of the minima is locally ensured. The Higgs scalars are expanded around the minimum as We now focus on the physical Higgs mass spectrum. At the tree-level, the four real scalars r u,d and π u,d are rearranged as the mass eigenstates: (3.40) where h and H are the CP-even Higgs scalars, A is the CP-odd Higgs and G is the mode eaten by the massive gauge boson. In terms of 5D language, h, H, A and G correspond to the zero-modes of a 2 , σ 1 , σ 2 and a 1 , respectively. Using (3.39) in V , where φ = {h, H, A, G}. The mass corrections to the physical Higgs modes are found to be
where we use the notation α = √ 2g c Lv h . A simple relation δm 2 A = δm 2 h /3 is observed. In the present case, the CP-odd Higgs A always becomes lighter than the SB Higgs h; this may be affected by the introduction of matter multiplets in larger representations.
It should also be mentioned that the terms proportional to C ((g c h u,d ) 2 ) part of the potential.
One can read the stationary condition of the potential from δm 2 G = 0, which yields (3.42) for α = 0. Using (3.42), one can eliminate the logarithmic terms in (3.41) and simplify the expressions as
These expressions are only valid at the minimum of the one-loop effective potential (3.38); it is implied by the subscripts 0 in the left hand side in (3.43) . From the expressions of (3.43), it is expected that the ratio between the mass corrections to the SB Higgs h and non-SB Higgs H takes order one values. As argued previously, to obtain a phenomenologically viable Higgs mass spectrum, the one-loop mass correction to the SB Higgs should not be suppressed more than the weak scale. Thus, we expect that the correction to the tree-massive Higgs H is not negligible compared to the tree-level mass, as discussed in Section 2.
Let us study the mass corrections to Higgs scalars with the dynamically determined VEV of the flat direction α. The flat limit potential is obtained by the substitution
.
If one fix the parameters β, N + and N − , then the value of α at the minimum of the flat limit potential is dynamically determined; we denote the value as α 0 . A non-trivial value of α 0 leads to spontaneous breaking of the residual U(1) gauge symmetry. Since the approximation used to derive (3.38) is only valid for α 0 ≪ β 1, we consider such the minima in the analyses.
It is known that a suppressed value of α 0 is obtained when the coefficient of the α 2 term takes a small negative value and of the α 4 term is a positive value in the flat limit potential [11, 17] . From (3.32) , one can see that the contributions to the quadratic term from the vector multiplet is positive. In addition, from (3.36) and fig. 1 , the contribution from η U = +1 (η U = −1) hypermultiplets is realized as negative (positive). Thus, η U = +1 hypermultiplets play the role to decrease the coefficient; for N + ≥ 3, the coefficient can be negative. Moreover, using the positive contributions from η U = −1 hypermultiplets, one can obtain a small negative coefficient in the present case.
In order to increase the one-loop mass correction to the SB Higgs, a large positive coefficient of the α 4 term in (3.41) is preferred. The correction to the coefficient from the vector multiplet is negative and from η U = +1 (η U = −1) hypermultiplets is positive (negative small). To obtain a positive value, one must introduce relatively large number of η U = +1
hypermultiplets since contribution to the α 4 term from a hypermultiplet in the fundamental representation is suppressed by the factor of 1/2 4 compared to one from the vector multiplet.
For the case with N + ≥ 9, the coefficient takes a positive value and can be enhanced by the logarithmic factors in (3.41) for α 0 ≪ β [11] .
As the explicit examples, we show the cases with (N + , N − ) = (10, 15) and (N + , N − ) = (30, 45) . The number of bulk fields seems to be rather large; note that if one introduces hypermultiplets in the adjoint (or larger) representation, then a few pieces of bulk fields are sufficient to obtain enough heavy Higgs fields [11, 17] . While we don't address the issues in the present analyses, introduction of the large representations is straightforward. The typical behavior of the potential is shown as the function of α in fig. 2 , where we take particular normalization for the overall scale of the potential. From the figures, one can see that α 0 ≪ β 1 is actually realized; hence, the approximation used to derive the effective potential is valid around the minima. The numerical evaluation indicates that α 0 = 6.71×10 −4 and α 0 = 6.01 × 10 −4 for the cases with (N + , N − ) = (10, 15) and (N + , N − ) = (30, 45) , respectively. The residual U(1) gauge symmetry is broken for both cases.
In fig. 3 , the mass corrections to SB Higgs field h are shown as the function of α. The solid and dashed lines correspond to δm (10, 15) and (N + , N − ) = (30, 45) at the minima, respectively. As mentioned before, the values of the corrections are straightforwardly increased by incorporating more bulk fields and/or large representations [10, 11, 17] .
Finally, we show the mass correction to non-SB Higgs H. We observe that α-dependence of the mass correction to H is not so different from the case of the SB Higgs h. For comparison between the mass corrections to h and H, we present the ratio between the corrections in (10, 15) and (N + , N − ) = (30, 45) at the minima, respectively. There is no tachyonic mode in the physical Higgs spectrum; hence, local stability of the minima is confirmed. The one-loop mass correction to the tree-massive mode is not so suppressed rather than the tree-level value. The loop correction thus brings important effects not only on the tree-massless Higgs scalars, but also on the tree-massive Higgs scalar, as expected.
Summary and perspective
In this paper, we considered the 5D SU(2) SUSY model. The model leads to the vector-like pair of Higgs scalars at low energy. We explicitly analyzed the one-loop corrected multi-Higgs mass spectrum based on the useful approximation scheme for the effective potential including all the Higgs backgrounds. We focused on the mass correction for the non-SB (tree-massive)
Higgs and found that both the tree-massless and massive Higgs scalars obtain the finite mass collections of similar size from the loop effects.
The results in the analyses implies that the one-loop mass corrections are important not only for the tree-massless modes but also for the massive modes in several realistic models. For example, in the 5D SU(3) c × SU(3) W SUSY model [10] , two-Higgs doublets appear at a lowenergy regime. After the electroweak symmetry breaking, physical Higgs spectrum consists of two CP-even Higgs scalars h and H, a CP-odd Higgs scalar A and a charged Higgs scalar H ± . At the tree-level, some of them become massive; the one-loop corrections to their masses are expected to bring important effects. It is known that the two Higgs doublets are also predicted in the minimal supersymmetric standard model [31] . Except for soft SUSY breaking contributions, both models have similar structure of tree-level Higgs potential, namely the supersymmetric D-term potential. Since the quantum corrections are expected to play the important role to raise Higgs masses in both models, comparison between the Higgs spectra is interesting. In 6D setup, it is also known to appear two Higgs doublets, and the similar Higgs contents to the above models are expected. We expect again that the one-loop effects modify the multi-Higgs mass spectrum. It is important to estimate the quantum corrections for the Higgs masses in view of high-energy experiments. Moreover, it is an interesting subject to give detailed study of vacuum structure in the above models. In general, minima deviated from the flat directions of tree-level potential may be generated through the radiative corrections, while such minima are not found in our analyses. At the flat direction of the tree-level potential, the ratio between VEVs of the two Higgs doublets, so-called tan β, is equal to one. However, if vacua are shifted to non-flat directions through radiative corrections, then tan β = 1 is realized in the models. The Higgs mass spectra may be significantly changed by the shift of the vacua. In addition, the perturbative calculation of the effective potential developed in this paper is useful for examining the 6D case; approximate behavior of the effective potential for a small VEV of the SB Higgs, which is not clear even in the flat limit calculation, can be revealed with the perturbative expansion of the potential. The examination of the above subjects are left to our future studies [32] .
A Background dependent operators
Here we summarize the operators appearing in the functional determinants (3.27) and (3.34) . Note that in the determinants, using unitary transformations, one can freely change the basis of the operators in the representation space. Thus, the following sets of the forms are realized in a particular basis. For the contributions from vector multiplet in (3.27) , the operators are written as follows:
For the contributions from hypermultiplets in (3.34) , the operators are written as follows:
B Loop integrals with K-K mode summation
When one evaluates the functional determinant with the perturbative expansion (3.21) , loop integrals with K-K mode summation appear. Here the evaluations of the integrals and summations are summarized.
At first, we introduce the functions, which include 4D loop integral and K-K mode summation, asζ
where p E is Wick-rotated momentum. A dimensionless parameter µ is introduced in the propagator to regulate IR divergences if any, and we take a limit µ → 0 after the integration. For the calculation of the determinant up to O((gn u,d ) 4 ), one needsζ [1,0,γ] ,ζ [2,1,γ] ,ζ [2,0,γ] , ζ [3,1,γ] andζ [4,2,γ] ; we consider only them here. Among them,ζ [1,0,γ] andζ [2,1,γ] suffers UV divergences from the loop integral, andζ [3,1,γ] andζ [4,2,γ] suffer IR divergences only. Both the divergences are involved inζ [2,0,γ] . In addition, infinite summation of the K-K modes also bring the divergence. As shown below, the singularity arising from the summation is realized as UV divergence in view of 5D theory. Thus, one should evaluate all the functions with a suitable regularization both of the UV and IR singularities, even if 4D loop integral does not have UV divergence. Using the dimensional regularization, we evaluate UV divergences as 2) where d → 4 is implied in the expression. We introduce the renormalization scale M RG in order to keep the integral having mass dimension 4 − 2x.
To carry out the summation in (B.1), we use the Poisson resummation formulae: While w = 0 terms are UV finite, some of them involve IR divergences, as argued. For ζ (w =0) [1,0,γ] andζ (w =0) [2,1,γ] , there is no worse IR behavior and the integrals can be naively evaluated with µ = 0. Then we observê ζ (w =0) [1,0,γ] = −ζ where µ → 0 is understood. Note thatζ (w =0) [2, 0, 0] includes log(µ), which increases with µ → 0. In the calculation of the effective potential, this µ-dependence would be canceled out by the other IR divergence. In our example of the calculation in Section 3, IR divergences are also involved in the resummation of the zero-mode contributions in (3.28) . Both the IR divergences inζ (w =0) [2, 0, 0] and in the resummation are canceled out in the one-loop contribution; hence, the effective potential does not depend on the artificial parameter µ.
Finally we define the functions: 12) which appears when contributions from bosonic and fermionic fluctuations are summed in SUSY theories. In the functions, all the UV divergences are canceled out, and thus there are only the UV finite terms. For a finite value of β = 0, they are given as follows: 
